Dengue virus (DENV), a mosquito-borne Flavivirus, is an emerging global health threat. A number of studies have already revealed that the non-structural NS3 serine protease is required for the maturation of the viral polyprotein and thus is a promising target for the development of antiviral inhibitors. However, the residues and other structural elements that play a role in the enzyme-mediated maturation process of DENV by NS3 have yet to be definitely assigned. Identification of the binding site and the actual environment around the active site pocket are still open to questions. To elucidate the functions of DENV NS3 and in particular, for a better understanding of the active site pocket of the enzyme, a 3D model of DEN2 NS3 serine protease to locate its key catalytic residues has been proposed. From computational comparative analyses of sequences and structures of related NS3 serine proteases of the Flaviviridae family, the charge distribution and electrostatic potential in and around the active site pocket of DEN2-NS3 serine protease have also been predicted. This proposed model would facilitate future studies for better rationalize the environment of the substrate-binding pocket and thus stimulate more rationally designed structure-function studies aimed at elucidating the role of this enzyme in virus maturation.
Introduction
Dengue is an infectious viral disease endemic to tropical areas worldwide that put an estimated 2.5 billion people at risk 1 . Dengue virus (DENV), a member of the Flaviviridae family, is an arthropodborne human pathogen transmitted by female Aede aegypti mosquitoes, which causes a spectrum of clinical symptoms ranging from mild, uncomplicated fever to severe forms of the disease, dengue hemorrhagic fever and dengue shock syndrome 2 . Currently four serotypes (DEN1-4) of Dengue virus exist. Research has shown that infection with one serotype of the virus makes the patient up to 15 times more likely to develop dengue hemorrhagic fever (DHF) if infected for a second time with a different serotype. Infection with one serotype does not provide immunity against the remaining serotypes. Because of this complication, a dengue vaccine against one serotype has been shown to make patients more susceptible to contracting DHF upon exposure to one of the remaining three serotypes 3 . At present, there are neither vaccines nor other treatments available to prevent or cure this disease; the only means of controlling the spread of DENV is an attempt to control the mosquito vector population. These facts emphasize the need for a better understanding of the mechanism of viral infection to combat this disease.
DENV has been the subject of numerous studies. All the four serotypes of DENV have a single-stranded positive sense-stranded RNA (+RNA) genome. The only protein product it translates is a full-length precursor polyprotein. However, posttranslational proteolytic cleavage of the precursor protein results in the creation of three structural proteins -capsid (C), membrane (M), envelope (E) and seven non-structural proteins -NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5 3 . Among the four serotypes, dengue virus type 2 (DEN2) is the most prevalent one. The viral polyprotein and the proteolytic cleavage sites are shown in Figure 1 . Two proteases play key roles in proteolytic cleavage process -one of host origin and the other of the viral. Processing at the NS1-NS2A junction is mediated by a host protease within the endoplasmic reticulum that may be either signal peptidase or another unknown enzyme 4 . The remaining cleavages in the polyprotein precursor are mediated by the viral chymotrypsin-like serine protease, encoded within the amino-terminal 180 amino acid residues of NS3 protease 4 . NS3 is essential in host-infected cells for posttranslational processing of a viral polypeptide precursor into the structural and functional viral proteins. Flaviviral NS3 protein includes the domains that are necessary to carry out protease, nucleoside triphosphatase (NTPase) and helicase activities [5] [6] [7] [8] . This proteases domain identified, based on the sequence similarity of NS3 with several viral and cellular serine proteases [9] [10] , is a potent target for the development of therapeutics against the virus 3 .
Recently, it has also been established that active NS3 serine protease is an essential requirement for maturation of the active virus in DEN3 11 . Another study also confers the involvement of a NS3 serine protease in DEN2 3 . Crystal structures of the related NS3pro from hepatitis C virus (HCV) have been used successfully for drug discovery 12 , and a structure of DEN NS3pro lacking the NS2B (1BEF) cofactor is available 13 . However, the residues and other structural elements that play a role in the enzyme-mediated maturation process of DENV by NS3 have yet to be definitely assigned. Identification of the binding site and the actual environment around the active site pocket are still open to questions and are of fundamental importance in understanding both the viral maturation mechanism and the significance of inhibitors nature, which may be directly responsible for future drug designing.
As a key step toward elucidating the functions of DENV NS3 and in particular for a better understanding of the active site pocket of the enzyme, the 3D structure of DEN2 NS3 serine protease to locate its key catalytic residues has been modelled. Computational comparative analyses of sequences and structures of related NS3 serine proteases have also helped to predict the electrostatic potential distribution within and around the active site pocket of NS3.
Materials and Methods
Full-length sequences of all the four serotypes of dengue virus were retrieved from NCBI genome database (http:// www.ncbi.nlm.nih.gov/), with GenBank accession numbers DEN1 (NP_722463.1), DEN2 (NP_739587.1), DEN3 (AAM51538), DEN4 (NP_740321.1). The physiochemical properties of the NS3 sequence was carried out using Pepstats from the European Bioinformatics Institute (EBI: http://www.ebi.ac.uk). Proteinprotein BLAST (blastp) was performed at NCBI server. Also PSI-BLAST (Protein Specific Iterated BLAST) was used to search for protein sequences that are distantly related to DEN2_NS3. This program uses an iterated search in which sequence found in one round of searching are used to build a score model for the next round of searching. Besides, pair-wise sequence alignment was performed using BLAST-2-sequences (bl2seq) at NCBI server.
Sequences were also aligned using multiple sequence alignment tool ClustalW (1.83) (http://www.ebi.ac.uk/tools/clustalw). This program uses a progressive method to build its alignments using the BLOSUM 62 substitution matrix for proteins. The alignments were then analysed for their pattern of conserveness. Hydrophobicity analysis was performed for DEN2 NS3 serine protease to display the distribution of polar and nonpolar residues. The plot was generated using Kyte and Doolittle scale using a program from Molecular Toolkit of Colorado State University (http://www.cvmbs.colostate.edu/molkit/hydropathy/ index.html). Secondary structure of the protein 1BEF was predicted and analysed by using the program Hierarchical Neural Network (HNN: http://www.expasy.org/tools/). Also, Ramachandran plot (http://i.moltalk.org/) and DeepView/ Swiss-PdbViewer v3.7 (spdbv) (http://www.expasy.org/spdbv/) were used to model and analyse the 3D structure of 1BEF. SwissPdbViewer (GlaxoSmithKline R&D) is an application that allows several proteins to analyse at the same time. The proteins can be superimposed in order to deduce structural alignments and compare their active sites or any other relevant parts. SwissPdbViewer is tightly linked to SWISS-MODEL, an automated homology-modelling server developed by the Structural Bioinformatics Group of the Swiss Institute of Bioinformatics (SIB) at the Biozentrum in Basel.
Results and Discussion

Sequence homology analysis of NS3 serine protease from all four serotypes DENV (1-4)
Pair-wise alignment study has been carried out using the four serotypes of DENV virus. Sequence comparison showed ~78-90% identities and similarities in sequences. Comparing the 4 serotypes with the most potent DEN2 showed homology in the order of DEN2 >DEN3 >DEN1 >DEN4. In order to combat a viral infection, understanding the functional mechanism is of utmost importance. Thus to focus more on the mechanism and the structure-function relationship Multiple Sequence Alignment (MSA) study has also been carried out along with some other members of Flavivirus family, like West Nile virus (WNV) and hepatitis C virus (HCV) that share much homology in structure. The results showed nice gap-free conserved regions both in the amino-terminal (N-terminal) and the carboxyl-terminal (C-terminal) domains of all four serotypes. The key active site residues that are present within the N-terminal region also remain very much conserved within the four serotypes (Figure 2) . Arrows indicate the position of the key active site residues that remain very much conserved within the four DEN (1-4) serotypes and in WNV-NS3. The structural comparison results also showed that in HCV-NS3 a polar uncharged Asn (N) residue is present instead of the essential negatively charged Asp (D) residue. 
Figure 2. Structure-based sequence alignment of the N-terminal domain of DEN2-NS3 with the NS3 proteases of the other three DENV serotypes, West Nile virus and hepatitis C virus.
Computational Analyses of Serine Protease of Dengue Virus
Detailed structural analysis of DEN2-NS3 serine protease
Physicochemical analysis of DEN2-NS3 serotype showed a balance in acidic and basic residues content. The presence of the number and types of amino acids like E, G, K, S, I, T, D, R are strongly responsible for destabilizing α-helical structure whereas the possibility of having a relatively extended β-sheets conformation (Table 1 ). The secondary structure prediction analysis further confirmed the structure. The predicted structure showed two small helices within the amino terminal region and a third helix at the carboxyl terminal end of the protein which altogether comprises ~17 % of the sequence length. More extensive β-strands structures (~28 %) and coil-coil region (~54 %) are distributed along the sequence (Figure 3) . The Ramachandran plot of NS3 serine protease (Figure 4 ) was constructed using the crystal structure (1BEF) data further helps to predict the conformation of the backbone of the polypeptide chain more quantitatively starting from its amino acid sequences. The calculated ϕ(phi) and Ψ(psi) angles predicted the residues within the core region of the protein structure. 
Modelling the 3D active site pocket of DEN2-NS3 serine protease
To have a better understanding of the structure-function mechanism of NS3 serine protease of DEN2 serotype, the 3D structure of DEN2-NS3 protein was modelled and analysed using Swiss-Pdb Viewer. The crystal structure data (1BEF) along with the MSA and Ramachandran plot data were used to generate a 3D model of DEN2-NS3. Hydrogen bonds were built within the key residues of the 3D active site pocket ( Figure 5A and 5B). This enables the DEN2-NS3 structure to be compared with other known serine proteases. The NS3 protease showed a chymotrypsin-like fold with β-barrels, formed by six β-strands, with the catalytic triad (His51-Asp75-Ser135) located at a cleft ( Figures 5A and 5B ). This finding is in agreement with a recent study of NS3 protease of West Nile virus (WNV) where similar structural patterns have also been reported 14 .
Analysing electrostatic potential distribution within and around the active site pocket of NS3 Hydrophobicity (or hydrophilicity) plots are designed to display the distribution of polar and nonpolar residues along a protein sequence. The goal of this analysis was to predict membranespanning segments (highly hydrophobic) or regions that are likely exposed on the surface of proteins (hydrophilic domains) and therefore potentially antigenic. The hydrophobic segments of DEN2-NS3 were identified using the Kyte and Doolittle scale showed quite strong hydrophobic signals within the residues (between ~75-88) on hydrophobicity scale ( Figure 6 ). Further electrostatic potential of DEN2-NS3 serine protease was calculated using Swiss-PdbViewer. The charge distribution and electrostatic potential calculation in and around the active site pocket of NS3 serine protease gave an overall idea about the environment of the substrate-binding pocket. From this analysis, presence of two distinct regions around the active site pocket indicates a positively charged zone and another negatively charged zone ( Figure 7 ). It is
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clear from the predicted potential that there is a relatively big chunk of negatively charged region than the positively charged region. These two oppositely charged chunks are located around the active site residues, facing each other, indicating that these regions might be very important for stabilizing the ES-complex.
In summary, this paper has presented a more detailed structural investigation of the NS3 serine protease of dengue virus, which reveals the common architecture shared by the four serotypes and with some other members of Flavivirus family, the secondary structure, the proposed model of the 3D active site pocket with key residues provides a structural framework to understand further the multifunctional properties of this enzyme. The charge distribution and electrostatic potential calculation in and around the active site pocket of DEN2-NS3 serine protease have also been predicted. This proposed model could be used for better understanding of the environment of the substrate-binding pocket. This work would, therefore, stimulate more rationally designed structure-function studies aimed at elucidating the role of this enzyme in virus maturation.
